Development in plants is controlled by abiotic environmental cues such as day length, light quality, temperature, drought, and salinity. These signals are sensed by a variety of systems and transmitted by different signal transduction pathways. Ultimately, these pathways are integrated to control expression of specific target genes, which encode proteins that regulate development and differentiation. The molecular mechanisms for such integration have remained elusive. We here show that a linear 130-aminoacids-long sequence in the Med25 subunit of the Arabidopsis thaliana Mediator is a common target for the drought response element binding protein 2A, zinc finger homeodomain 1, and Myb-like transcription factors which are involved in different stress response pathways. In addition, our results show that Med25 together with drought response element binding protein 2A also function in repression of PhyB-mediated light signaling and thus integrate signals from different regulatory pathways.
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transcriptional regulation | phytochrome flowering time 1 | RNA polymerase II T ranscription of protein-encoding genes in eukaryotes requires RNA polymerase II (pol II) and five general transcription factors (GTFs) involved in promoter recognition, transcription bubble formation, and initiation (1) . Pol II also depends on the multiprotein Mediator coactivator, which conveys signals from promoter-bound regulatory transcription factors to the pol II/ GTFs (2). Mediator is well described in eukaryotes from Saccharomyces cerevisiae to human cells and there are numerous reports on regulatory pathways that target different Mediator subunits, thus resulting in proper gene expression (3) (4) (5) .
Plants have the capacity to withstand enormous variations in climate, both seasonal variations and prolonged climate changes; the extremes are some trees that live for thousands of years and thus are subjected to very large environmental changes. This ability to adapt to the environment depends on several signaling pathways and transcription factors that are regulated in response to adverse conditions. These transcription factors can affect target genes directly to increase the ability to tolerate environmental stress or more indirectly by controlling developmental processes such as vegetative growth or timing of floral transition.
We recently identified Mediator in Arabidopsis thaliana and found that it comprises a core of protein subunits that are conserved in other eukaryotes and some that are specific for plants (6) . One of the former is Med25, which in human cells has been identified as target for the VP16 activator. Med25 is also associated with the retinoic acid receptor and is mutated in patients with certain subtypes of autosomal-recessive axonal CharcotMarie-Tooth neuropathies (7) (8) (9) (10) . Plant Med25 was originally identified as phytochrome and flowering time 1 (PFT1), a nuclear protein acting in a photoreceptor pathway that induces flowering in response to suboptimal light conditions (11) . PFT1 is also a key regulator of the jasmonate signaling pathway and is required for resistance to leaf-infecting necrotrophic fungal pathogens (12) . Pft1 showed hypocotyl-length inhibition under both red and far-red light. Unlike phytochrome B (phyB), pft1 has a late-flowering phenotype in long-day conditions. Experiments on pft1/phyB showed that deletion of PFT1 suppresses the early flowering phenotype of phyB in both long-and short-day conditions, indicating that the main role of PFT1 in phytochrome signaling is to regulate flowering time downstream of phyB in a photoperiodindependent pathway (11) . It was therefore suggested that PFT1 regulates FLOWERING LOCUS T (FT) expression directly or indirectly. Our identification of PFT1 as Med25 suggested an indirect effect where PhyB operates via unidentified regulatory transcription factors that in turn interact with Med25 (6). In line with this finding, it was recently reported that Med25/PFT1 has a repressive function in light signaling, which is completely dependent on PhyB, D, and E (13) . The consequence of a Med25/PFT1 deletion is therefore not a constitutive or an autonomous effect.
Here we report on the identification of three transcription factors that have been implicated in stress response pathways and interact with a conserved activator-interacting domain (ACID) in the Arabidopsis thaliana Med25. We show that Med25 is involved in stress responses and that one of the transcription factors functions in light quality pathways downstream of PhyB.
Results
Two-Hybrid Screening for Proteins That Interact with the Conserved ACID Domain in Arabidopsis thaliana Med25. To identify plant transcriptional regulators that operate by interaction with the Med25, we used a bait composed of amino acids 551-680 of Arabidopsis Med25, the region corresponding to the ACID domain in the human Med25 (see figure 3b in ref. 6 ), in a two-hybrid screen with a cDNA library generated from inflorescence meristem, floral meristem, and floral buds. We identified five independent clones coding for three different transcription factors, one coding for drought response element protein B (DREB2A; At5g05410), two clones coding for zinc finger homeodomain 1 (ZFHD1; At1g69600), and two clones coding for MYB-like (At5g29000) (Fig. S1 ). None of these transcription factors was previously connected to light quality pathways. DREB2A belongs to a family that also includes DREB1A-C and DREB2B. They bind to the dehydration-response element/C-repeat motif, which is involved in drought and cold stress response (14) . Overexpression of full-length DREB2A does not result in activation of downstream genes, but overexpression of DREB2A lacking a repressing domain (RD) results in a growth retardation phenotype and rounded, slightly darker leaves with short petioles (15) . ZFHD1 belongs to a family that binds to the promoter region of the early responsive to dehydration stress 1 (ERD1) gene and causes upregulation of several stress-inducible genes and an increase in drought tolerance (16) . The MYB-like protein has not been studied in detail but was identified in a transcriptome analysis as one of 454 transcripts that are specifically expressed in plants subjected to a combination of drought and heat stress (17) .
Mapping of Med25 ACID Interacting Domains in the DREB2A, ZFHD1, and MYB-Like Proteins. We mapped the region within each transcription factor required for interaction with the Med25 551-680 region (Fig. 1A) . Our aim was to identify the Med25 interaction region for MYB-like and to study if the Med25-interaction regions of DREB2A and ZFHD1 overlap with their previously mapped transcriptional activation domains (TADs). We localized the minimal domain of DREB2A required for interaction with Med25 551-680 to amino acids 169-254 (Fig. 1B) , thus indicating no correlation to the previously identified TAD of DREB2A comprising amino acids 254-335, or to the RD located between amino acids 136 and 165 (15) . We notice that the region between amino acids 1 and 169, which includes the RD, has a negative effect on the interaction with Med25 551-680 . We found a good correlation between the previously identified TAD in ZFHD1 (amino acids 1-102) (16) and the minimal region for interaction with Med25 551-680 (amino acids 1-132; Fig. 1C ). Finally, we mapped the Med25 551-680 interaction domain in MYB-like to the region between amino acids 103 and 309 (Fig. 1D) . No TAD has previously been reported for this protein, but the MYB-like DNA-binding domain (DBD) overlaps with a homeodomain-like region located between amino acids 184 and 248. As indicated, the intact homeodomain-like region is required for interaction of MYB-like to Med25 551-680 .
In order to confirm the interactions identified in the two-hybrid assays, we recombinantly expressed Med25 551-680 and different regions of DREB2A, ZFHD1, and MYB-like, which include the amino acid sequences identified as required for Med25 interaction in the two-hybrid experiments. All proteins were highly purified and interactions between each transcription factor and Med25 551-680 were studied using surface plasmon resonance. Fig. S2B shows that all three factors bind to Med25 551-680 , but with different kinetics.
Arabidopsis thaliana Lines Lacking DREB2A, ZFHD1, MYB-Like or Med25 Are Sensitive to Salt Stress. There are no phenotypes described for Zfhd1 or Myb-like, but the effects of overexpression of DREB2A and ZFHD1 have been described (15, 16) . We obtained seeds with transfer DNA (T-DNA) insertions in the genes that encode DREB2A, ZFHD1, and MYB-like as well as the MED25/PFT1 gene from the Arabidopsis Biological Resource Center (Fig. S3 ). We first studied the effects on the salt stress response by measuring the percentage of germination for each mutant at different NaCl concentrations. All mutants display increased sensitivity to salt stress compared to the wild type (Fig. 2) . Consistent with the interactions between the transcription factors and Med25, also med25 showed an increased sensitivity to salt stress, which is at least as pronounced as for each of the transcription factor mutants. This increased sensitivity to salt stress is a previously unidentified phenotype of med25 and strongly indicates that Med25 functions downstream of DREB2A, ZFHD1, and MYB-like. We further notice that zfhd1, myb-like, and med25 all show higher sensitivity to NaCl than dreb2a. At 175 mM, NaCl dreb2a is 5-to 24-fold less sensitive than the other mutants (Fig. 2) .
The Function of Med25 in Salt Stress Resistance Is Conserved Among Land Plants. All embryophytes have physiological systems to handle drought and salt stress. To find out if the role of Med25 in stress resistance is conserved during plant evolution, we used gene targeting (18) to delete PpMED25A, the single gene encoding an intact Med25 protein in the moss Physcomitrella patens. Physcomitrella med25a show an increased sensitivity to salt, resulting in a 32% reduction in the colony diameter in the presence of 0.15 M NaCl as compared to the wild type (Fig. 3) . No effect was seen in the presence of an osmotic control (0.3 M mannitol). We conclude that the role of Med25 in salt stress resistance is an ancient function that was present already in an early embryophyte.
Arabidopsis thaliana Lacking Med25 Is Resistant to Drought. Overexpression of ZFHD1 or a constitutively active form of DREB2A leads to drought resistance (15, 16) . We therefore examined if med25 is drought sensitive. Because med25 has a delayed flowering phenotype that could indirectly affect the sensitivity to drought (10) (Fig. S4 , compare the two lines under long-day conditions), we performed the experiments under short-day conditions where flowering is inhibited (Fig. 4) . Surprisingly, we found that med25 is drought resistant compared to wild-type plants (86.2% survival compared to 33.3%). Thus, it seems that Med25 has an opposite function compared to ZFHD1 and DREB2A in response to drought. Med25 showed the same phenotype also in long-day conditions (Fig. S4) .
To investigate if the observed drought phenotypes are caused by changes in expression of stress-induced genes, we used quantitative RT-PCR to study the levels of the drought-induced rd29a and rd29b mRNAs in wild-type cells, med25 and dreb2A (15) . In line with the phenotypes, we found that both rd29a and rd29b mRNAs are strongly up-regulated as a response to drought in cells lacking Med25 (150-to 3,200-fold) and severely down-regulated in response to drought in dreb2A (Fig. 4C) . We also found that the Dreb2A mRNA is strongly up-regulated at drought in med25.
The Arabidopsis thaliana DREB2A protein is involved in light quality pathways that control flowering time. Arabidopsis Med25 was originally identified as PFT1, a downstream effector in the PhyB pathway, but it was unclear if PhyB acts directly or indirectly on PFT1 (11) . Our identification of PFT1 as the Med25 subunit of Mediator suggests that the effect is transmitted indirectly through DNA-bound transcription regulatory factors, a notion which is supported by our identification of DREB2A, ZFHD1, and MYBlike as Med25 interactors. Because they had previously only been implicated in the responses to different types of stress, we wanted to see if the mutants would display a light quality-controlled flowering time phenotype, similar to med25. We therefore measured hypocotyl-length responses and counted leaf numbers for each mutant. We found that myb-like and zfhd1 are identical to the wild type, whereas dreb2a shows phenotypes opposite to med25 in both types of experiments (Figs. 4 and 5) . Thus, dreb2a has an early flowering phenotype, which is comparable to that of phyB, indicating that it could function in the phyB pathway. This early flowering phenotype is a previously unidentified and unexpected function for DREB2A.
Discussion
The results described here indicate that Med25 functions as a hub that integrates signals from different environmental cues to control development. We suggest that ZFHD1 and MYB-like function as transcriptional activators by interacting with Med25 to induce target genes that encode proteins required to respond The significances of the observed differences were tested using a two-tailed two-sampled t test assuming unequal variances. The asterisk denotes a difference that is significant at p ¼ 0.0014.
to salt stress. These two transcription factors therefore seem to function in the expected way by interaction to a Mediator subunit via their TADs. However, our results also represent a conundrum. Because dreb2a is sensitive to drought, we expected that med25 also would be drought sensitive. Surprisingly, we found that med25 is drought resistant (Fig. 4) . A similar, unexpected result is the opposite effects of dreb2a and med25 on the hypocotyl-length response and flowering time (compare Fig. 5 and Fig. S5 ).
Our finding that the DREB2A 169-254 region is essential for interaction with the conserved Med25 551-680 region, combined with previous mappings of DREB2A functional domains, lead us to propose a model for how Med25 integrates different signal pathways to regulate both development and expression of stressinduced target genes (Fig. 5D) . DREB2A seems to function both as a transcriptional repressor and an activator depending on the circumstances. When the interaction between the RD of DREB2A and Mediator is disrupted, either by removal of the RD of DREB2A or by deletion of Med25, then DREB2A functions as an activator, both for induction of genes involved in drought (Fig. 4) and in development (14) Fig. 5 ). We propose that Med25 mediates the repressing effect of DREB2A by placing its RD in the vicinity of another Mediator subunit. In this model, only the shorter (30 aa) RD requires interaction with Med25, whereas the longer (81 aa) TAD can bind another Mediator subunit and thus function independently of Med25. It is possible that the Mediator protein that interacts with the RD of DREB2A is Med8 because med8 shows a more pronounced defect than med25, both in delay of flowering time and resistance to fungal pathogens (12) . Moreover, DREB2A has been identified as a phosphoprotein (19) and the 30-aa-long RD in DREB2A contains no less than 11 serines and threonines, indicating that its activity might be regulated by phosphorylation.
Our finding that Physcomitrella med25 is salt sensitive is interesting because it suggests that the function of Med25 in salt stress was present already in a common ancestor of all land plants. In this context, we note that the phytohormone abscisic acid (ABA), which functions in drought and salt stress in vascular plants, has a similar function in mosses (20) . We further note that a moss cDNA that was annotated as encoding a DREB2A homolog is induced by dehydration (21). The AP2 domain transcription factors, to which DREB2A belongs, is a large protein family, and it is not easy to identify direct orthologs in mosses and angiosperms (22) . Nevertheless, the fact that the moss DREB2A-related protein is induced by drought stress suggests that it could have a function analogous to that of Arabidopsis DREB2A. It is further conceivable that both Med25 and DREB2A could function as downstream components in the ABA pathway. We note that ABI3, encoding a key mediator of the ABA response (23) , is among the genes that are induced by dehydration in Physcomitrella (22) .
In conclusion, we suggest that previous models presented by us and others (6, 11) for how Med25 functions downstream of the PhyB photoreceptor to activate FT now can be further elaborated (Fig. 5D) . Our finding that Med25 is a negative regulator of both flowering/development and drought resistance, and similar results reported by others for overexpression of DREB2A lacking its RD, suggest that DREB2A functions mainly as a repressor, and Med25 as a corepressor in these two pathways. FT cannot therefore be a direct target for repression by DREB2A acting through Med25 because disruption of the DREB2A-Med25 interaction would then cause an early flowering phenotype. Reports from other groups combined with our results presented here could be interpreted as if DREB2A and MED25 cooperate to cause down-regulation of a negative regulator of FT, such as, e.g., the FLC gene (24, 25) . However, based on the model proposed by Wollenberg et al., we rather suggest that Dreb2A acts as a repressor through Med25 to down-regulate the PhyB light signaling pathway (13) .
Materials and Methods
Strains and Plasmids. A cDNA sequence encoding amino acids 551-680 of A. thaliana Med25 (At1g25540) was amplified by PCR and cloned into the Gal4 DBD vector pGBKT7. All DREB2A, ZFHD1, and MYB-like derivatives were amplified from Arabidopsis cDNA using the appropriate forward and reverse primer pairs (Table S1 ). Details of plasmid constructions and a list of strains are described in SI Text.
Yeast Two-Hybrid Screen. The Yeast Two-Hybrid screen was performed according to the instructions of the Matchmaker Two-Hybrid System 3 (Clontech). Details for the two-hybrid screen are described in SI Text.
Plant Material and Growth Conditions. All experiments were done using A. thaliana of the Columbia accession. The seed stock numbers N629555 (med25), N873547 (dreb2a), N579505 (myb-like), and N877090 (zfhd1) were obtained from the Nottingham Arabidopsis Stock Center. All mutants were identified after screening of the Salk T-DNA insertion lines (26) . Homozygous plants of mutants were identified using primer sequences from http://signal. salk.edu/tdnaprimers.2.html. For flowering time and water stress, plants were grown on soil mixed with vermiculite (2∶1) under long days (LD; 16 h light) or short days (SD; 9 h light) at a temperature of 22°C. White light sources were always from fluorescent tubes (40-70 μmol·m −2 ·s −1 ) for LD and SD conditions. For water stress, plants were grown in normal condition of watering for 3 wk (LD) or 4 wk (SD), and then split. One part was grown for 3 wk in the same light condition but without watering and then rewatering once. The other part of plants was grown in the same light and watering conditions. The survival rates of plants were assessed 7 d after rewatering in SD condition. The experiment was performed using 15 plants for each genotype and treatment.
Seeds for all experiments were sterilized using chlorine in a vapor phase. For hypocotyls measurements, seedlings were grown in one-half Murashige and Skoog basal salt mixture (MS; Sigma) agar and treated as described (27) . Growth in red light conditions (10 μmol·m −2 ·s −1 ) was done in chambers of light-emitting diodes at 23°C. After 5 d, seedlings were digitized and hypocotyls lengths were analyzed using the ImageJ program. The experiments were performed using four plates of 20-30 seedlings for each treatment and genotype.
For salt stress, seeds were grown in one-half MS-agar with different concentrations of NaCl at 4°C for 1 d then placed at 23°C for 5 d and scored. Each genotype was treated independently. The experiments were performed using four plates of 49 seedlings for each treatment and each genotype. Data represent mean AE standard deviation of at least three individual experiments.
Physcomitrella patens was grown as described (28) . For the phenotypic analysis, small pieces of protonemal tissue from wild-type and knockout strains was inoculated on BCD (1 mM MgSO 4 , 1.85 mM KH 2 PO 4 , 10 mM KNO 3 , 45 μM FeSO 4 , 1 mM CaCl 2 , and trace elements, supplemented with 5 mM ammonium tartrate) plates as well as BCD plates containing 0.15 M NaCl or 0.3 M mannitol. Colonies from three separate med25 knockout lines and the wild-type strain were grown on the same plate in normal light intensity (30 μmol∕m 2 s) for 21 d before photography and scoring of growth. To estimate growth, the colony diameters on different media were measured for four colonies from each strain.
Targeted Gene Disruption in Physcomitrella. The Physcomitrella genome contains two AtMED25-related sequences. PpMED25A (Phypa1_1:170131) encodes an intact Med25 protein. PpMED25B (Phypa1_1:92911) is an apparent pseudogene which has two frameshifts followed by stop codons in exon 7, and a deletion of 2,104 bp that starts near the end of exon 7 and ends in intron 10. This deletion removes sequences corresponding to codons 253-559 of PpMED25A and creates a third frameshift. The PpMED25A gene was PCR amplified from genomic DNA and cloned into the EcoRI site of pRS426. A selection cassette containing the hpt marker was then inserted between the two BglII sites in PpMED25A, resulting in the deletion of codons 43-838 (of 878). The targeting construct was released from the vector by SwaI digestion prior to transformation of moss protoplasts (18) and selection of stable transformants in the presence of 30 mg∕L hygromycin B (Sigma H3274).
Drought Stress. Plants (15 pots per mutant and treatment) were grown in LD conditions during 3 wk. After the second week, the pots for each mutant and treatment were randomized in different trays. After the third week, plants were not watered during 10 d for drought treatment, and watered every third day for the control. After 10 d, all leaves for each mutant and each treatment were harvested and frozen at −80°C for RT-PCR. Protein Expression and Purification. Med25-ACID (amino acids 551-680) and MYB-like (amino acids 60-370) were inserted with the BamHI/NotI restriction sites into the GST containing pGEX-6P-2 vector (GE Healthcare). DREB2a (amino acids 169-355) and ZFHD1 (amino acids 1-242) was cloned into a pETM-6xhis vector (kindly provided by Günter Stier, European Molecular Biology Laboratory, Heidelberg, Germany) opened with NcoI/NotI. Protein expression was induced in BL21pLysS with 0.1 mM IPTG at 18°C or 1 mM IPTG at 28°C, respectively.
Med25 and MYB-like were purified with affinity chromatography using a glutathione sepharose 4B column (GE Healthcare). GST was removed using Prescission protease followed by a second run on the glutathione column. The proteins were further purified on a Mono S 5∕50 GL (GE Healthcare) equilibrated with 20 mM Tris, pH 8.8, 80 mM NaCl, and 1 mM DTT.
DREB2a and ZFHD1 were purified using nickel-agarose (Qiagen) followed by a Mono S 5∕50 GL equilibrated with 20 mM phosphate buffer, pH 6.2 (DREB2a) or pH 7.5 (ZFHD1), 80 mM NaCl, and 1 mM DTT. The DREB2a flow-through was applied on a Mono Q 5∕50 GL and the flow-through containing ZFHD1 was run on a HiTrap Heparin 1 mL column, both equilibrated with the same buffer. Proteins were eluted in all ion-exchange experiments using a gradient from 80 mM to 1 M NaCl with an ÄKTAexplorer.
Surface Plasmon Resonance. Sensograms were recorded at 25°C using a Biacore 3000 instrument. Med25-ACID (0.2 μg∕mL) was immobilized by amine-coupling to a CM-5 chip in 20 mM phosphate buffer pH 7.0. An empty blocked surface was used as a reference. Interaction studies were performed in a buffer containing 20 mM Tris, pH 7.4, 150 mM NaCl, 10 μM ZnCl 2 , and 0.02% P-20. The transcription factors were analyzed at a concentration of 2 μM and at a flow rate of 40 μL∕ min. Table S1 . Primers used for construction of plasmids used in interaction studies and mapping of the Med25-interaction domains
G4-DBD-
Primer name Primer sequence (restriction site is shown in bold)
Myb_1_fwd_ClaI: 5′-GCATCGATAC ATGAATAACCCTGTACCGTGT-3′ Myb_103_fwd_ClaI:
5′-GCATCGATAC GACTCATCCGTGGAACTTCAT-3′ Myb_103_rev_SacI:
5′-TTGAGCTC CTA GTCCACCCTTACTCCACTACT-3′ Myb_206_fwd_ClaI:
5′-GCATCGATAC AATCAGCTTGGTGGTAGTGAA-3′ Myb_206_rev_SacI:
5′-TTGAGCTC CTA ATTAACAGCTTCAACGAATGC-3′ Myb_309_fwd_ClaI:
5′-GCATCGATAC GGCCGGTACCTACAGATGATG-3′ Myb_309_rev_SacI:
5′-TTGAGCTC CTA GCCCTGTTTTTCAATCTGTAA-3′ Myb_370_rev_BamH1:
5′-TTGGATCC CTA TTAATCTTCTCTGACACGTTT-3′ Dreb2a_1-fwd_ClaI:
5′-GCATCGATAC ATGGCAGTTTATGATCAGAGT-3′ Dreb2a_254-fwd_ClaI:
5′-GCATCGATAC GATTCTTCAGACATGTTTGAT-3′ Dreb2a_335-rev_SacI:
5′-TTGAGCTC TTAGTTCTCCAGATCCAAGTAA-3′ Dreb2a_253_rev_SacI:
5′-TTGAGCTC CTA CAAGTGACTCTGATCCACAT-3′ Dreb2a_169_fwd_ClaI:
5′-GCATCGATAC TGTGAATCTAAACCCTTCTC-3′ Dreb2a_168_rev_SacI:
5′-TTGAGCTC CTA ATCTGGATCCTCTGTTTT-3′ ZFHD1_242-rev_SacI:
5′-TTGAGCTC TCAAGAAGATGAAGACCCATC-3′ ZFHD1_1-fwd_ClaI:
5′-GCATCGATAC ATGGATTTGTCTTCCAAACC-3′ ZFHD1_102-rev_SacI:
5′-TTGAGCTC CTA CTCAGTGCCGGAGGGAGAA-3′ ZFHD1_103-fwd_ClaI:
5′-GCATCGATAC TCGCCGCCGTCTCGTCACGT-3′ ZFHD1_133_fwd_ClaI:
5′-GCATCGATAC GGTTTCCCTGGACCGTCAGA-3′ ZFHD1_132_rev_SacI:
5′-TTGAGCTC CTA GGAGCTGAGAGAGAGAATCA-3′ AtMed25_551_fwd_EcoRI 5′-GGGGACAAGTTTGTACAAAAAAGCAGGCT CCGAATTC ACTTCACAATCCAAATATGTGAA-3′ AtMed25_680_rev_SalI 5′-GGGGACCACTTTGTACAAGAAAGCTGGGT GGTCGAC TTA ATTTGGAATTTGTGGTTTAAACA-3′
